Injection of the melanocortin-3/4 receptor agonist melanotan-II (MTII) into the nucleus of the solitary tract (NTS) produces rapid and sustained reduction of food intake. Melanocortin-4 receptors (MC4Rs) are expressed by vagal afferent endings in the NTS, but it is not known whether these endings participate in MTII-induced reduction of food intake. In experiments described here, we evaluated the contribution of central vagal afferent endings in MTII-induced reduction of food intake. Examination of rat hindbrain sections revealed that neuronal processes expressing immunoreactivity for the endogenous MC4R agonist ␣-melanoctyte-stimulating hormone course parallel and wrap around anterogradely labeled vagal afferent endings in the NTS and thus are aptly positioned to activate vagal afferent MC4Rs. Furthermore, MTII and endogenous MC4R agonists increased protein kinase A (PKA)-catalyzed phosphorylation of synapsin I in vagal afferent endings, an effect known to increase synaptic strength by enhancing neurotransmitter release in other neural systems. Hindbrain injection of a PKA inhibitor, KT5720, significantly attenuated MTII-induced reduction of food intake and the increase in synapsin I phosphorylation. Finally, unilateral nodose ganglion removal, resulting in degeneration of vagal afferent endings in the ipsilateral NTS, abolished MTII-induced synapsin I phosphorylation ipsilateral to nodose ganglion removal. Moreover, reduction of food intake following MTII injection into the NTS ipsilateral to nodose ganglion removal was significantly attenuated, whereas the response to MTII was not diminished when injected into the contralateral NTS. Altogether, our results suggest that reduction of food intake following hindbrain MC4R activation is mediated by central vagal afferent endings.
Introduction
Historically, we understand primary vagal afferents as conveyors of visceral stimuli to the brain, where reflex responses are organized and from which projections to higher-order circuits generate behavioral processes, such as satiation. Activation of vagal afferents by gastrointestinal signals during ongoing meals informs the brain of the quantity and quality of food being consumed and these signals contribute to meal termination (Ritter, 2004) . On the other hand, signals generated from white adipose tissue inform the brain of stored energy, but these signals appear to influence long-term energy homeostasis by modulating brain sensitivity to meal-related gastrointestinal signals (Grill, 2010) .
The central melanocortin system is postulated to play a role in the integration of adiposity-related signals with meal-related gastrointestinal satiation signals (Ellacott et al., 2006) . The nucleus of the solitary tract (NTS), where central vagal afferent fibers synapse, is a site where melanocortins modulate food intake.
Melanocortin-4 receptors (MC4Rs), but not melanocortin-3 receptors (MC3Rs), are expressed in the caudal hindbrain (Wan et al., 2008) and NTS injection of the MC3/4R agonist melanotan-II (MTII) potently reduces food intake (Grill et al., 1998; Williams et al., 2000) by reducing meal size without affecting meal frequency (Azzara et al., 2002; Zheng et al., 2005) . In contrast, MC4R antagonists injected into the dorsal hindbrain potently increase food intake by increasing meal size (Zheng et al., 2005) .
Although the NTS is a site where MC4R agonists act to reduce food intake, the specific neural substrates upon which their behavioral action depends have not been determined. MC4R transcript is present in neurons of the caudal hindbrain, especially the NTS and dorsal motor nucleus of the vagus (DMV; Liu et al., 2003) . However, MC4R transcript also is present in NTSprojecting vagal afferent neurons, and patch-clamp recordings indicate that most NTS neuronal responses to MC3/4R agonist application are mediated by presynaptic receptors on vagal afferent endings (Wan et al., 2008) . Specifically, MC3/4R agonist application increases spontaneous glutamate release from vagal afferent endings. These results indicate that MC4Rs on vagal afferent endings are responsible for melanocortinergic modulation of NTS neuronal activity.
Despite these interesting in vitro observations, a potential role of central vagal afferent endings in the control of food intake by hindbrain melanocortin signaling has not been investigated. We hypothesized that reduction of food intake following hindbrain MC4R activation is mediated, at least in part, by activation of central vagal afferent endings. To test our hypothesis, we assessed reduction of food intake by hindbrain MC3/4R agonist injection following chemical or surgical lesion of central vagal afferent endings. Furthermore, we examined hindbrain sections for ␣-melanoctyte-stimulating hormone (␣MSH) immunoreactivity to assess the anatomical location of the endogenous MC4R agonist relative to central vagal afferent endings. Finally, because the MC4R is a G ␣s -coupled receptor, we determined whether hindbrain MC4R activation increases synapsin I phosphorylation, a major protein kinase A (PKA) substrate, in vagal afferent endings. In conjunction with our behavioral experiments, we provide several lines of evidence that are consistent with MC4R-mediated activation of vagal afferent endings.
Materials and Methods

Animals and housing
Male Sprague Dawley rats weighing 280 -300 g (Simonsen Laboratories) at the start of experiments were individually housed in suspended wire mesh cages in a vivarium with a 12 h light/dark cycle. Rats had ad libitum access to water and pelleted rodent diet (Teklad) except during overnight fasts and food-intake experiments, which were performed in home cages as described below. All animal housing and experiments reported here were conducted in compliance with the National Institutes of Health Guide for Care and Use of Laboratory Animals under a protocol approved by the Washington State University Institutional Animal Care and Use Committee.
Cannula implantation
Rats were fasted overnight and anesthetized with a ketamine (50 mg/kg), xylazine (25 mg/kg), and acepromazine (2 mg/kg) mixture for all surgical procedures. For cannula implantations, rats were placed in a stereotaxic instrument and implanted with a 26 ga stainless steel cannula aimed for the fourth ventricle (2.0 mm anterior to occipital suture, on midline, 6.6 mm ventral from dura) or NTS (0.1 mm anterior to occipital suture, Ϯ 0.8 mm lateral to midline, 7.8 mm ventral from skull). Cannulas were cemented to the skull using stainless steel screws and methacrylate (Ortho-Jet).
Biotintylated-dextran amine injection
For anterograde labeling of vagal afferent fibers, the left cervical vagus nerve was exposed via a ventral midline neck incision and the left nodose ganglion was exposed. Biotintylated-dextran amine (BDA; 10% solution of 10 kDa BDA in 0.1 M PBS; Invitrogen) was injected into the nodose ganglion using a 36 ga stainless steel needle (World Precision Instruments) attached to a microsyringe pump (World Precision Instruments). The needle was inserted under the perineurium just distal to the ganglion and a total volume of 2 l of BDA solution was delivered at a rate of 25 nl/s with microscopic observation. Ten days after BDA injection, rats were killed and hindbrain tissue was harvested for immunohistochemical detection of BDA.
Unilateral nodose ganglion removal
The cervical vagus nerve was exposed on one side and was severed at the caudal end of the nodose, thereby enabling retraction of the ganglion to visualize and section the vagus rostral to the nodose and removing the entire ganglion. After suturing the cervical incision, rats were implanted with a cannula aimed for either the fourth ventricle or NTS, depending on the experiment. All rats were allowed Ն4 weeks recovery time and exceeded their presurgery weights before commencement of experiments.
Capsaicin treatment
One week before capsaicin treatment, rats were implanted with a fourthventricle cannula. Subsequently, systemic treatment with capsaicin was used to destroy small unmyelinated primary afferent neurons, including those in the vagi, as previously described (Ritter and Ladenheim, 1985) . A total capsaicin dose (125 mg/kg) was administered intraperitoneally as a series of three injections (25, 50, and 50 mg/kg) at an injection volume of 1 ml/kg (n ϭ 8). All three injections were made within a 24 h period (0, 6, and 24 h, respectively). An additional group of rats were injected with the vehicle solution (10% ethanol and 10% Tween 80 in 0.9% NaCl; n ϭ 8) at the same volumes and schedule as above. The eye-wipe response to mild corneal stimulation, a response mediated by the capsaicin-sensitive trigeminal innervation of the cornea, was tested to screen the effectiveness of capsaicin treatment. The test involved application of a drop of 1% NH 4 OH to one eye. All of our vehicle-treated rats immediately wiped the stimulated eye. None of the capsaicin-treated rats exhibited any eye-wipe response to the test, confirming that capsaicin treatment successfully destroyed afferent C-fibers. Behavioral experiments began 15 d after capsaicin treatment, during which all the rats exceeded their presurgery weights. For immunohistochemical analysis of MTII-induced phosphorylation of synapsin I, the same group of rats were killed 35 d after capsaicin treatment.
Immunohistochemistry
For all immunohistochemical experiments, rats were rapidly anesthetized with isoflurane anesthetic (Vedco) and then perfused intracardially with 0.1 M phosphate buffer saline followed by 4% paraformaldehyde (Electron Microscopy Sciences) in 0.1 M phosphate buffer, pH 7.4. Immediately after perfusion, brains were collected, postfixed in the same fixative for 2 h, and cryoprotected in 0.1 M phosphate buffer containing 25% sucrose overnight at 4°C. Coronal cryostat sections of the hindbrain measuring 30 m were collected for immunostaining. For detection of BDA and ␣MSH, hindbrain sections from BDA-injected animals were incubated for 36 h at room temperature in sheep anti-␣MSH (1:2000; Millipore) antisera. Then, the sections were washed and incubated in CY3-conjugated ExtrAvidin (1:400; Sigma-Aldrich) and Alexa 488-conjugated donkey anti-sheep (1:400; Invitrogen). For detection of phosphorylated synapsin I ( pSyn), sections were incubated in rabbit anti-phospho-synapsin I ( phospho-serine 9; 1:500; Abcam) with subsequent incubation in Alexa 555-conjugated goat anti-rabbit (1:600; Invitrogen). For codetection of BDA and pSyn, hindbrain sections from BDA-injected animals were incubated in rabbit anti-phospho-synapsin I (1:500) with subsequent incubation in Alexa 488-conjugated streptavidin (1:600; Invitrogen) and Alexa 555-conjugated goat anti-rabbit (1: 600). Finally, for colabeling of isolectin B4 (IB4) and pSyn, sections were incubated in rabbit anti-phospho-synapsin I (1:500) and biotytinalted-IB4 (1:400; Vector Laboratories) followed by subsequent incubation in Alexa 488-conjugated streptavidin (1:600) and Alexa 555-conjugated goat anti-rabbit (1:600). Stained sections were mounted on slides and coverslipped with ProLong Gold (Invitrogen) before microscope examination for all immunohistochemical preparations.
Microscopy
High-magnification images (100ϫ magnification) were generated from deconvolved (three-dimensional blind deconvolution) z-stack images (20 optical sections 0.5 m apart) compressed into a single image. Highresolution images of hindbrain sections showing pSyn immunoreactivity were generated from stitched images (20ϫ magnification), deconvolved z-stacks (10 optical sections 2 m apart) compressed into a single image. However, for quantification of pSyn immunoreactivity, stitched images of the hindbrain (20ϫ magnification) were taken from a single optical plane.
Quantification of pSyn immunoreactivity
pSyn immunoreactivity was quantified, according to our previously published protocol (Campos et al., 2013) , by measuring the mean fluorescence intensity sampled from the NTS and DMV in one section at each of four different brain levels, corresponding to 14.1, 13.8, 13.6, and 13.3 mm caudal to bregma, according to the stereotaxic atlas (Paxinos and Watson, 2007) . Mean fluorescence intensity was sampled on both sides of the hindbrain in each section containing a given region of interest for each rat. These values were normalized to the background fluorescence intensity, which was sampled from the gracile nucleus. The data are presented as the average fluorescence intensity for each brain across the four rostrocaudal levels listed above. The fluorescent intensity was calculated by applying the following formula: pSyn fluorescent intensity ϭ (100 ϫ pSyn intensity/background intensity) Ϫ 100.
Experimental protocols
Synapsin I phosphorylation time course. A total of 32 rats with fourthventricle cannulas were used to establish a time course for MTII-induced synapsin I phosphorylation in the hindbrain. Overnight-fasted rats received a fourth-ventricle injection of saline (0.9% NaCl) or MTII (50 pmol; Phoenix Pharmaceuticals). Injection volumes of 3 l injected over a 2 min period using a 10 l Hamilton syringe were used for all fourthventricle injections. Saline-injected rats (n ϭ 4) were perfused 15 min after injection. The remaining rats received a fourth-ventricle injection of MTII and were perfused 5 min (n ϭ 4), 15 min (n ϭ 4), 60 min (n ϭ 4), 1.5 h (n ϭ 4), 3 h (n ϭ 4), 6 h (n ϭ 4), and 8 h (n ϭ 4) after injection and hindbrains were harvested for immunohistochemical analysis of pSyn immunoreactivity.
Effect of MC3/4R antagonist on synapsin I phosphorylation. This study was undertaken to determine whether fasting alters basal levels of hindbrain synapsin I phosphorylation, and to determine the extent to which MC4R activation by endogenous agonists contributes to hindbrain synapsin I phosphorylation. A group of rats (n ϭ 4) that were fasted overnight (16 h) received a fourth-ventricle injection of saline (at 7:00 A.M.) and were perfused 2 h after injection (9:00 A.M.). A second group of "nonfasted" rats (n ϭ 4) were not fasted overnight, but rather food was removed 1 h before fourth-ventricle administration of saline (7:00 A.M.) and were perfused 2 h after injection (9:00 A.M.). Finally, a third group of nonfasted rats (n ϭ 4) received a fourth-ventricle injection of SHU9119 (1 nmol; Phoenix Pharmaceuticals) and perfused 2 h after injection (9:00 A.M.). Hindbrains were collected and prepared for immunohistochemical analysis of pSyn immunoreactivity as described above.
Colocalization of MTII-induced pSyn immunoreactivity and labeled vagal afferent endings. To determine whether MTII increases synapsin I phosphorylation in central vagal afferent endings, a group of rats (n ϭ 4) with fourth-ventricle cannulas received a BDA injection into the nodose ganglion. Ten days later, overnight-fasted rats received a fourth-ventricle injection of MTII (50 pmol) and were perfused 30 min after injection.
Hindbrain tissue was collected for immunohistochemical codetection of anterogradely labeled vagal afferent endings and pSyn.
To assess whether MTII increases synapsin I phosphorylation in vagal C-type afferent endings, a group of overnight-fasted rats with fourthventricle cannulas (n ϭ 4) received an MTII (50 pmol) injection and were killed 30 min thereafter. Hindbrain sections were prepared for immunohistochemical codetection of pSyn and IB4, which binds specifically to vagal C-type afferent endings in the NTS.
Effect of hindbrain PKA inhibition on MTII-induced synapsin I phosphorylation and satiation. Sixteen rats with cannulas aimed for the NTS were used in a crossover, counterbalanced design to study the effect of the PKA inhibitor KT5720 (Tocris Bioscience) on MTII-induced reduction of food intake. On test days, overnight-fasted rats were given an NTS injection vehicle (DMSO) or KT5720 (1 pmol dissolved in vehicle) 45 min before NTS injection of MTII (50 pmol) or saline. Injection volumes of 100 nl were used for all NTS injections. After the second NTS injection, rats were given access to a preweighed amount of pelleted rodent diet and intake less spillage was recorded at 30 min, 60 min, 120 min, 240 min, 4 h, and 24 h after injection. After the behavioral experiments were completed, rats were killed and hindbrains were collected for verification of cannula placement.
A separate group of rats (total n ϭ 16) with fourth-ventricle cannulas were used to assess the effect of KT5720 on MTII-induced synapsin I phosphorylation. Overnight-fasted rats were divided into the following treatment groups: vehicle/NaCl (n ϭ 4), vehicle/MTII (n ϭ 4), KT5720/ NaCl (n ϭ 4), and KT5720/MTII (n ϭ 4). Rats received a fourth-ventricle injection of vehicle (50% DMSO and 50% saline) or KT5720 (10 pmol in vehicle solution). Forty-five minutes later, rats received a fourthventricle injection of saline or MTII (50 pmol) and were killed 30 min later. Hindbrains were collected for analysis of pSyn immunoreactivity.
Effect of capsaicin treatment on MTII-induced satiation and synapsin I phosphorylation.
A group of rats with fourth-ventricle cannulas were treated with systemic capsaicin injections (n ϭ 8) or vehicle injections (n ϭ 8), as described above. To assess MTII-induced reduction of food intake, vehicle-treated and capsaicin-treated rats were fasted overnight and received a fourth-ventricle injection of saline or MTII (50 pmol) in a crossover, counterbalanced experimental design. Immediately after fourth-ventricle injection, rats were given access to pelleted rodent diet and food intake minus spillage was recorded at 30 min, 60 min, 120 min, 240 min, 4 h, and 24 h after injection. After behavioral assessment, the same group of rats were fasted overnight and divided into the following treatment groups: vehicle/NaCl (n ϭ 4), vehicle/MTII (n ϭ 4), capsaicin/ NaCl (n ϭ 4), and capsaicin/MTII (n ϭ 4). Vehicle-treated and capsaicin-treated rats received a fourth-ventricle injection of saline or MTII (50 pmol) and were killed 30 min later. Then their hindbrains were collected for immunohistochemical detection of pSyn. Hindbrain sections were also labeled for IB4, which binds to vagal C-type afferent fibers, to verify capsaicin lesion of vagal C-type afferent endings as indicated by the absence of IB4 labeling in capsaicin-treated rats (data not shown).
Effect of nodose ganglion removal on MTII-induced satiation and synapsin I phosphorylation. MTII-induced reduction of food intake was assessed in rats following unilateral nodose ganglion removal, and implantation of a cannula aimed for the NTS ipsilateral (n ϭ 8) or contralateral (n ϭ 8) to nodose ganglion removal. After surgical recovery, overnight-fasted rats were given an NTS injection of saline or MTII in a crossover, counterbalanced design. Immediately after NTS injection, rats were given access to pelleted rodent diet and food intake less spillage was recorded at 30 min, 60 min, 120 min, 240 min, 4 h, and 24 h after injection. A total of four NTS injections and food-intake experiments were conducted in each rat, including two saline injections (saline data are presented as the average of both experiments) and two injections of MTII, 50 pmol in 200 nl and 10 pmol in 100 nl injection volumes respectively. At the end of these experiments, rats were killed and hindbrains were collected for cannula placement verification. Hindbrain sections were also stained for IB4 to verify vagal afferent lesion. As expected, unilateral nodose removal abolished IB4 binding in the NTS ipsilateral, but not contralateral, to nodose ganglion removal (data not shown).
A separate group of rats (total n ϭ 8) with unilateral nodose ganglion removal and fourth-ventricle cannulas were used to assess MTII-induced Figure 1 . Dual-label immunofluorescent images (100ϫ magnification) of ␣MSH-immunoreactive fibers (green) and anterogradely labeled vagal afferent endings (red) in the dorsal vagal complex (n ϭ 6). A, ␣MSH-immunoreactive fibers frequently paralleled or appeared to wrap around anterogradely labeled vagal afferent endings in the NTS. B, In the DMV, ␣MSH-immunoreactive puncta and anterogradely labeled-vagal afferent endings form presumptive punctal contacts onto or near DMV neurons. Many DMV neurons were surround by both puncta from anterogradely labeled vagal afferents and ␣MSH-immunoreactive puncta (solid circle), whereas other DMV neurons receive only vagal afferent input (dashed circle). synapsin I phosphorylation. Overnight-fasted rats received a fourthventricle injection of saline (n ϭ 4) or MTII (50 pmol, n ϭ 4) and were perfused 30 min after injection. Subsequently, brains were removed and hindbrain sections were prepared for comparison of MTII-induced pSyn immunoreactivity in the NTS contralateral or ipsilateral to nodose ganglion removal.
Statistical analysis. One-way ANOVA and independent t test, where appropriate, were used to analyze immunohistochemical data. Cumulative food-intake data were analyzed using two-way repeated-measures ANOVA with treatment condition as the repeated factor, followed by Holm-Sidac post hoc analysis. The confidence limit for statistical significance was set at p Ͻ 0.05. However, wherever actual confidence limits were substantially Ͻ0.05, those p values are provided. Results are presented as means Ϯ SEM.
Results
Previous reports indicate that immunoreactivity for ␣MSH, an endogenous MC3/4R agonist, is present in nerve terminals and a small population of cell bodies in the NTS (Joseph et al., 1985; Palkovits et al., 1987; Zheng et al., 2010) . To determine whether ␣MSH-immunoreactive fibers and vagal afferent endings are anatomically associated in ways that suggest functional interactions, we examined ␣MSH immunoreactivity in hindbrain sections from rats in which vagal afferents were anterogradely labeled following nodose ganglion injection of BDA. In the NTS, highmagnification z-stack images show BDA-labeled vagal afferent varicosities intertwined with ␣MSH-immunoreactive fibers (Fig.  1A) , an arrangement that was found in the medial and commissural NTS. In the DMV, ␣MSH-immunoreactive puncta also were observed in close proximity to BDA-labeled vagal afferent endings (Fig. 1B) . Many DMV neurons that were surrounded by dense networks of ␣MSH-immunoreactive fibers also were surrounded by BDA-labeled vagal afferent endings. Threedimensional renderings from high-magnification images confirmed what appeared to be neuronal somal surfaces "peppered" with ␣MSH-immunoreactive puncta as well as anterogradely labeled vagal afferent endings.
Hindbrain MC4R activation increases synapsin I phosphorylation in vagal afferent endings
The MC4R is a G ␣s receptor that couples to the adenylyl cyclaseactivated, cAMP/PKA signaling pathway (Gantz et al., 1993) . Synapsin I is a major presynaptic PKA substrate (Johnson et al., 1972) , and PKA-mediated phosphorylation of the serine 9 residue on synapsin I increases synaptic vesicle mobilization and significantly contributes to synaptic strength (Chi et al., 2001; Fiumara et al., 2004 Fiumara et al., , 2007 . To determine whether hindbrain MC4R activation increases synapsin I phosphorylation, overnight-fasted rats received a fourth-ventricle injection of MTII. Immunohistochemical evaluation of hindbrain sections using an antibody specific for synapsin I phosphorylated at the PKA-specific site, serine 9, revealed that MTII injection had a significant effect on the level of pSyn immunoreactivity in the NTS (F (7,25) ϭ 6.2, p Ͻ 0.001) and DMV (F (7,25) ϭ 2.9, p Ͻ 0.05; Fig. 2A ). Compared with saline injection, MTII injection nearly doubled NTS synapsin I phosphorylation, as estimated by relative fluorescence intensity, within 5 min of injection ( p Ͻ 0.01), and phosphorylation levels remained significantly elevated for 6 h (p Ͻ 0.05). In the DMV, MTII injection significantly increased pSyn immunoreactivity as early as 15 min after injection ( p Ͻ 0.05) and pSyn immunoreactivity remained significantly elevated for Ն60 min ( p Ͻ 0.05) after injection. In saline control injections, we noticed that pSyn immunoreactivity in the NTS ( p Ͻ 0.01) and DMV ( p Ͻ 0.05) was significantly lower in overnight-fasted rats compared with rats that were not fasted (Fig. 2B) . To determine whether endogenous MC4R activity contributes to this constitutive synapsin I phosphorylation, a group of nonfasted rats received a fourthventricle injection of SHU9119, an MC3/4R antagonist. We observed a significant treatment effect in the NTS (F (2,9) ϭ 6.8, p Ͻ 0.05) and DMV (F (2,9) ϭ 17.9, p Ͻ 0.001) following SHU9119 injection. Specifically, in nonfasted rats, SHU9119 attenuated pSyn immunoreactivity in the NTS ( p Ͻ 0.05) and DMV ( p Ͻ 0.05) to levels comparable to overnight-fasted rats. We conclude that hindbrain synapsin I phosphorylation is downstream of MC4R activation.
To ascertain whether MTII-induced increases in synapsin I phosphorylation were localized in vagal afferent endings, we examined hindbrain sections from rats in which central vagal afferent endings were anterogradely labeled following intranodose ganglion BDA injection. High-magnification images indicate that MTII-induced pSyn immunoreactivity is colocalized with BDA in vagal afferent endings in the NTS (Fig. 3 A, B) . Hindbrain sections also were double-labeled with IB4, which labels unmyelinated C-type vagal afferent fibers and endings in the NTS (Li et al., 1997; Young et al., 2008) . Although we observed instances of colocalization of IB4 and MTII-induced pSyn immunoreactivity (Fig. 3C) , colocalization of pSyn immunoreactivity with IB4 binding seemed much less frequent than colocalization of pSyn immunoreactivity with BDA-labeled fibers (Fig. 3D ). This observation suggests to us that MTII increases synapsin I phosphorylation in non-C-type vagal afferent endings or in C-type vagal afferent endings that do not bind IB4.
MTII-induced synapsin I phosphorylation and reduction of food intake requires PKA activation
The serine 9 residue on synapsin I is phosphorylated by cAMPactivated PKA (Huttner and Greengard, 1979) . Thus, we hypothesized that MTII-induced synapsin I phosphorylation in vagal afferent endings requires PKA activation. To test this hypothesis, a group of rats with fourth-ventricle cannulas received a fourthventricle injection of KT5720, a PKA inhibitor, before ventricular injection of MTII (Fig. 4A ). There was a significant treatment effect in the NTS (F (3,12) ϭ 12.1, p Ͻ 0.001) and DMV (F (3,12) ϭ 10.6, p Ͻ 0.01). Compared with vehicle control injection, PKA inhibition attenuated MTII-induced pSyn immunoreactivity in the NTS ( p Ͻ 0.01) and DMV ( p Ͻ 0.01). To determine the contribution of PKA activation in MTII-induced reduction of food intake, food intake was monitored in a group of NTScannulated rats that received an injection of KT5720 before MTII injection (Fig. 4B) . We found a significant treatment effect on food intake (F (3,15) ϭ 19.9, p Ͻ 0.001) and interaction between treatment and time period analyzed (F (3,15) 
Central vagal afferent endings contribute to MTII-induced suppression of food intake
Subdiaphragmatic vagotomy, a surgical procedure that severs peripheral vagal afferent endings that innervate the gut, does not attenuate reduction of food intake evoked by hindbrain MTII injection (Williams et al., 2000) . However, because vagal afferent neurons and central vagal afferent endings remain intact after vagotomy, MC4R-mediated activation of central vagal afferent endings may be sufficient for MTII to suppress food intake.
A significant population of MC4R-expressing vagal afferent neurons appear to be neurons with unmyelinated C-type axon fibers (Gautron et al., 2012) . Therefore, we examined the role of capsaicin-sensitive vagal afferent endings in MTII-induced reduction of food intake in rats treated with high systemic capsaicin doses to destroy C-type afferents. Capsaicin treatment did not attenuate reduction of food intake induced by fourth-ventricle MTII injection (Fig. 5A) . In capsaicin-treated rats, fourthventricular MTII significantly reduced food intake at all time points. In fact, two-way ANOVA analysis comparing MTIIinduced reduction of food intake between vehicle-treated and capsaicin-treated groups revealed a significant treatment effect (F (1,14) ϭ 8.0, p Ͻ 0.05; Fig. 5B ). Compared with the vehicle treatment, capsaicin-treatment potentiated MTII-induced reduction of food intake (30 min, p Ͻ 0.05; 60 min, p Ͻ 0.05; 120 min, p Ͻ 0.05; 240 min, p Ͻ 0.05). Surprisingly, pSyn immunoreactivity was significantly elevated in saline-injected, capsaicintreated rats compared with vehicle-treated controls (NTS, p Ͻ 0.01; DMV, p Ͻ 0.05). Moreover, fourth-ventricle MTII injection did not further increase synapsin I phosphorylation in capsaicintreated rats beyond their already elevated levels (Fig. 5C) .
A population of capsaicin-insensitive C-type afferents, as well as A-type vagal afferents, that innervate the gut, survives capsaicin treatment (Berthoud et al., 1997) . Unlike capsaicin treatment, surgical removal of the nodose ganglion causes degeneration of both A-type and C-type vagal afferent endings in the NTS ipsilat- eral to ganglionectomy. Although bilateral ganglionectomy is lethal, rats remain viable following unilateral nodose ganglion removal, which destroys vagal afferent fibers that innervate the ipsilateral NTS. Following unilateral nodose ganglionectomy, a group of rats were fitted with fourth-ventricle cannulas. After surgical recovery, rats were fasted overnight and received a fourth-ventricle injection of saline or MTII. Compared with saline injection, MTII significantly increased synapsin I phosphorylation in the NTS contralateral to nodose ganglion removal (t (6) ϭ 26.0 p Ͻ 0.05), but synapsin I phosphorylation in the NTS ipsilateral to nodose ganglion removal, where central vagal afferent endings had degenerated, was not increased (t (6) ϭ 0.313 p ϭ 0.765; Fig. 6A ). Our results indicate that MTIIinduced synapsin I phosphorylation is eliminated when both A-type and C-type central vagal afferent endings are destroyed.
To determine whether MTII-induced reduction of food intake requires the presence of central vagal afferent endings, a group of rats with unilateral nodose ganglionectomy were implanted with a cannula aimed for the NTS ipsilateral or contralateral to nodose ganglion removal. MTII injection into the contralateral NTS (Fig. 6B) , which continues to receive vagal afferent innervation, significantly reduced food intake (F (2,7) ϭ 11.2, p Ͻ 0.001). However, when injected into the ipsilateral NTS, where vagal afferent endings were destroyed, MTII-induced reduction of food intake was attenuated (Fig. 6C) . When injected into the ipsilateral NTS, the smaller dose and injection volume of MTII (10 pmol in 100 nl) did not significantly reduce food intake in the first 4 h following injection. It took a significantly larger injection volume and dose (50 pmol in 200 nl), and likely diffusion to the contralateral NTS, for MTII to reduce food intake in the first 2 h (30 min, p Ͻ 0.05; 60 min, p Ͻ 0.05; 120 min, p Ͻ 0.05). Nonetheless, injection of the larger injection volume and dose of MTII did not significantly reduce cumulative 4 h food intake. However, MTII injected into the ipsilateral NTS did reduce food intake between 4 and 24 h after injection (low-dose MTII, p Ͻ 0.05; high-dose MTII, p Ͻ 0.01).
Discussion
This present study examined the contribution of central vagal afferent endings in reduction of food intake following NTS melanocortin receptor activation. We found that hindbrain injections of a melanocortin analog, MTII, increased PKA-mediated synapsin I phosphorylation in NTS vagal afferent endings, a mechanism associated with afferent activation and increased synaptic function (for review, see Cesca et al., 2010) . Most importantly, destruction of NTS vagal afferent endings abolished synapsin phosphorylation and significantly attenuated reduction of food intake induced by MTII, indicating that central vagal afferent endings are essential participants in NTS melanocortinergic modulation of food intake.
Consistent with melanocortinergic modulation of NTS vagal afferent endings, we report that ␣MSH-immunoreactive fibers are closely associated with labeled vagal afferent endings in the NTS, suggesting axo-axonal melanocortinergic modulation of central vagal afferent endings. Even without typical synaptic contacts, the observed ␣MSH appositions could influence vagal afferents by diffusion through the intercellular fluid (Fuxe et al., 2010) . Therefore, ␣MSH fibers are appropriately positioned to modulate central vagal afferent endings.
MTII, an ␣MSH analog and agonist at both MC3R and MC4R, is widely used for examining involvement of brain melanocortin receptors in feeding behavior. Because results from transgenic mice suggest that both MC3R and MC4R participate in the control of energy balance, we would be reluctant to completely rule out a role for MC3R in reduction of food intake and increased synapsin phosphorylation following NTS injection of MTII. Support for MC3R participation in control of food intake, specifically in mice, is variable (Butler and Cone, 2002; Marks et al., 2006; Rowland et al., 2010) . On the other hand, several lines of evidence argue against significant MC3R contribution to the phenomena we report. First, unlike MC4R knock-out mice, rats with a nonfunctional MC4R mutation fail to reduce food intake in response to MTII, indicating that activation of MC4R alone accounts for effects of MTII on food intake in rats (Mul et al., 2012) . Second, while MC4R expression is well documented in vagal afferent neurons (Wan et al., 2008; Gautron et al., 2010 Gautron et al., , 2012 and neurons in the DMV and NTS Liu et al., 2003) , PCR and in situ hybridization fail to detect transcript for MC3R in the aforementioned neural structures (Kistler-Heer et al., 1998; Wan et al., 2008) . Together, these observations support the conclusion that MTII-induced reduction of food intake and increased NTS synapsin phosphorylation is due to MC4R activation, and that MTII activation of MC3R is not likely to contribute to our results.
MC4R activation increases intracellular cAMP and PKA (Gantz et al., 1993) . We report that reduction of food intake following hindbrain injection of MTII was attenuated by a PKA inhibitor. Furthermore, MTII-induced synapsin phosphorylation was abolished by a PKA inhibitor, indicating that PKAcatalyzed synapsin phosphorylation is downstream of hindbrain MC4R activation. Presynaptic PKA activation plays a significant role in neurotransmission and PKA-dependent facilitation of synaptic transmission is largely achieved by recruitment of synaptic vesicles from the reserve pool to the readily releasable pool (Kuromi and Kidokoro, 2000) . Moreover, PKA-dependent increase in vesicle mobilization is almost exclusively mediated by synapsin I S9 phosphorylation . Because MTII-induced reduction of food intake requires hindbrain PKA activation, and synapsin phosphorylation is a major mechanism by which presynaptic PKA activation influences synaptic plasticity, our observations support synapsin phosphorylation as a mechanism by which MC4R activation modulates vagal afferent synapses involved in the control of food intake (Fig. 7) . Consistent with this hypothesis, we found that reduction of food intake in response to MTII injected into the NTS ipsilateral to nodose ganglion removal was significantly attenuated, while reduction of food intake following MTII injection contralateral to nodose removal was not diminished, indicating that MTII-induced reduction of food intake requires the presence of central vagal afferent endings.
MC4R are expressed by DMV neurons Liu et al., 2003) , as well as by vagal afferent neurons. Moreover, recent reports indicate that MC4Rs control glycemia and modulate gastric function via DMV efferents (Richardson et al., 2013; Berglund et al., 2014) . One might postulate that hindbrain MTII's effect on feeding is mediated in part via vagal motor neurons. Vagal motor neuron participation in MTII-reduction of food intake is not supported, however, because subdiaphragmatic vagotomy, which disconnects vagal efferents from their visceral targets, does not attenuate reduction of food intake by hindbrain MTII (Williams et al., 2000) . Also worth mentioning is that subdiaphragmatic vagotomy also disconnects vagal afferents from their peripheral targets of innervation, suggesting that melanocortins directly activate/modulate central vagal afferent endings and do not require peripheral activation of vagal afferent fibers to reduce food intake.
The relative contributions of C-type versus A-type vagal afferents in MTII-induced satiation remains unclear. Reduction of food intake by MTII was not attenuated, but rather was potentiated, in capsaicin-treated rats. Consistent with enhanced MTIIinduced reduction of food intake was our observation that capsaicin treatment increased basal levels of NTS synapsin phosphorylation, thereby possibly increasing the response to MTII in surviving afferent endings and masking effects due to lost C-type vagal fibers. Our interpretation that enhanced response to MTII in capsaicin-treated rats may be related to increased levels of synapsin phosphorylation in surviving vagal endings, rather than in intrinsic NTS axons, is based on our observation that nodose ganglion removal, with subsequent degeneration of both A-type and C-type vagal fibers, did not increase basal synapsin phosphorylation, but did eliminate MTII-induced increase in synapsin phosphorylation. Together, these results suggest that MTII-induced activation of vagal A-type afferent endings is sufficient to reduce food intake.
NTS MTII administration ipsilateral to nodose ganglion removal did not reduce food intake over the first 4 h following injection, but did reduce food intake between 4 and 24 h after injection. Several possibilities may account for MTII reduction of food intake at the later time point. First, a small subpopulation of vagal afferents from the contralateral nodose ganglion cross the midline to innervate the NTS ipsilateral to nodose removal, and activation of these endings might account for latent reduction of intake. Alternatively, diffusion of MTII into the contralateral Figure 7 . Schematic model depicting the hypothesized contributions of NTS presynaptic and postsynaptic MC4R activation in the control of food intake. PKA-catalyzed phosphorylation of synapsin I in central vagal afferent endings is downstream of presynaptic MC4R activation, which may contribute to reduction of food intake by increasing synaptic vesicle mobilization and thereby increasing glutamatergic neurotransmission from vagal afferent endings. In conjunction with presynaptic MC4R activation, postsynaptic MC4R activation of NTS neurons may modulate food intake by activating ERK and other signaling pathways that result in transcriptional changes. Note that activation of vagal afferent endings, and subsequent activation of postsynaptic glutamate receptors, could also contribute to activation of the ERK signaling cascade and changes in transcription. AMPAR, AMPA receptor; NMDAR, NMDA receptor; CaMKII, calcium/calmodulin-dependent protein kinase II.
NTS or even into other brain areas might account for latent reduction of food intake. Finally, MTII might reduce food intake in part by direct effects on NTS neurons.
Although MC4R transcript is found in some NTS neurons , patch-clamp recordings from hindbrain slices indicate that MC4R effects in the NTS are almost entirely presynaptic. Specifically, Wan et al. (2008) report that MTII increases NTS neural excitability by increasing glutamate release from vagal afferent endings, rather than by acting directly on NTS neurons. Consistent with our results, these investigators also reported that unilateral vagal deafferentation eliminated these presynaptic excitatory effects of MTII. Therefore, while NTS neuronal MC4Rs might play a role in control of food intake, the effects of MTII at least during the first 4 h after MTII injection are best explained by activation of MC4Rs on vagal afferent endings.
Assuming the latent response to MTII is indeed mediated by NTS neuronal MC4R activation, the delay may due to dependence on transcriptional mechanisms. This hypothesis is consistent with the observation that fourth-ventricular MTII increases NTS ERK1/2 (extracellular signal-related kinases 1 and 2) phosphorylation and downstream phosphorylation of the transcription factor CREB (cAMP response element-binding protein; Sutton et al., 2005) . Furthermore, MTII-induced ERK1/2 phosphorylation is attenuated with a cAMP inhibitor, consistent with PKA-dependent phosphorylation of ERK1/2 (Vossler et al., 1997). We found that inhibition of PKA activation significantly attenuated both immediate and delayed reductions of food intake by MTII. Thus our observations are consistent with the hypothesis that hindbrain MC4R activation modulates long-term food intake via PKA-mediated pathways, possibly involving ERK1/2-dependent, CREB-mediated transcriptional changes in NTS neurons.
We found that basal synapsin phosphorylation was significantly higher in nonfasted rats compared with fasted rats, and that elevated synapsin phosphorylation in nonfasted rats was attenuated by an MC3/4R antagonist. In conjunction with our observation that ␣MSH-immunoreactive fibers impinge on vagal afferent endings, these observations strongly suggest that endogenous ␣MSHs modulate vagal afferent endings. However, the endogenous source of MC4R ligands is uncertain. It could originate from local POMC neurons within the NTS (Palkovits et al., 1987) , or from hypothalamic POMC neurons that project to the NTS (Zheng et al., 2005 (Zheng et al., , 2010 . Whether central vagal afferent endings receive inputs from one or both POMC neuronal populations will require further investigation.
Collectively, our results indicate that endogenous melanocortins are aptly positioned to modulate NTS vagal afferent endings, and that NTS MC4R activation reduces food intake via activation of central vagal afferent endings. Thus, central vagal afferent endings not only are conduits of signals arriving from the gut, but also may be directly engaged by signals converging onto the NTS from other brain areas. Several anorexic and orexigenic signals have been shown previously to modulate neurotransmission from central vagal afferent endings, including oxytocin (Peters et al., 2008) , ghrelin (Cui et al., 2011) , and serotonin (Cui et al., 2012) . Whether these and other signals also influence food intake by engaging the gut-to-brain circuit via direct activation of central vagal afferent endings merits future investigation.
